We calculate transition-state energies of atom-transfer reactions from reaction energies, electrophilicity indices, bond lengths, and vibration frequencies of the reactive bonds. Our calculations do not involve adjustable parameters and uncover new patterns of reactivity. The generality of our model is demonstrated comparing the vibrationally adiabatic barriers obtained for 100 hydrogen-atom transfers with the corresponding experimental activation energies, after correction for the heat capacities of reactants and transition state. The rates of half of these reactions are calculated using the Transition-State Theory with the vibrationally adiabatic path of the Intersecting-State Model and the semiclassical correction for tunneling (ISM/scTST). The calculated rates are within an order of magnitude of the experimental ones at room temperature. The temperature dependencies and kinetic isotope effects of selected systems are also in good agreement with the available experimental data. Our model elucidates the roles of the reaction energy, electrophilicity, structural parameters, and tunneling in the reactivity of these systems and can be applied to make quantitative predictions for new systems.
Introduction
The current understanding of structure-reactivity relationships remains deeply rooted in concepts of physical-organic chemistry, such as that of a "family of reactions". Empirical and semiquantitative relations have been employed to systematize reactivity trends and identify unusual behavior. 1 The predictive power of such relations is generally restricted to structurally related reactants and their use for classes other than those used in their development may be discouraged. 2 They will continue to be useful to rationalize the immense compilations of rate constants for atom abstraction reactions, 3 but there is an increasing need for physically meaningful models that can quantitatively link traditional reactivity indices such as the reaction energy, polar effect, and structural parameters, 4, 5 to the making of reaction energy-barriers. On the other hand, new reactivity indices have emerged from density functional theory (DFT), such as those of chemical potential and chemical hardness. 6 Although numerical methods fulfill the need for accurate calculations of reaction barriers, the result of one calculation may not be chemically intuitive and does not suffice to predict chemical reactivity. Knowing one energy barrier does not tell us much if anything about the structure, nature, energy, and so forth, of another energy barrier. 7 Recent developments have combined rate-equilibrium relationships with ab initio and DFT calculations. 8 Further advances in this field must consider the above-mentioned reactivity indices, rationalize the existing theoretical and experimental data, and predict new reactivity trends.
The objective of this work is to relate quantitatively the electronic and molecular structure of the reactants and products with the corresponding reaction rates. The relation developed here is rooted in the Intersecting-State Model (ISM) originally developed by Formosinho and co-workers. 9 In this work, we present, for the first time, fast and reliable estimates of absolute rates of very different atom transfers, using only information on the reactants and products. We employ the term "absolute" to mean that the actual rate constants are calculated exclusively from thermodynamic and spectroscopic information on the reactants and products. The calculations do not involve the fitting of any parameters to the kinetic data.
The remaining of this work is divided in three parts. First, we formulate the model, examine its foundations and compare ISM classical energies and reaction paths with those of ab initio calculations for 20 prototypical atom-transfer reactions. These systems were selected because high-level ab initio calculations are available for comparison and because they involve a large diversity of bonds in the reaction coordinate. Then, we assess the generality of our model comparing calculated and experimental activation energies of 100 different reactions, mostly measured within the 500-1000 K temperature range, for which the Arrhenius equation provides an adequate description of the experimental data. The application of the model to such a large set of reactions discloses new reactivity trends. Finally, we calculate the rate-constants of X + HR reactions and halogenatom transfers. We selected reactions where X ) H, OH, or CH 3 for their importance in fundamental, atmospheric and combustion chemistry. For some prototypical systems the comparison with experimental data is made over a large range of temperatures and includes kinetic isotope effects (KIE).
2. Classical Transition-States. This new formulation of ISM is totally based in relations that lie outside the field of reaction kinetics and has no adjustable parameters. Only the fundamental equations of the model are presented here. The details of the algorithm are presented as Supporting Information. The implementation of the algorithm in PC or Mac computers is available from the authors via the Internet.
The correlation between reactant (n BC ) and (n AB ) product bond-orders in atom-transfer reactions has been used to define the reaction coordinate n 10 that varies from 0 in the reactants to 1 in the products. This reaction coordinate is known to agree well with the actual minimum-energy path for a variety of potential energy surfaces (PES). 11, 12 This agreement shows that the electronic redistribution between single bonds is reflected in the conservation of the bond order along the reaction coordinate.
On the other hand, Pauling's relation between equilibrium bond orders (n) and bond lengths (l) where a is a constant and l 1 equilibrium length of the corresponding single bond, can be conveniently generalized to relate transition-state bond orders to bond lengths We replaced the scaling by a in eq 3 with the scaling by a′(l AB,eq +l BC,eq ) because longer bonds will stretch out more from equilibrium to the transition-state configurations than shorter ones, and because two bonds are implicated in the transition state. The constant relating transition-state bond length to bond order is different from that relating these quantities in equilibrium. Thus, the value of a′ must be obtained from an independent source.
The most convenient source for obtaining the value of a′ is the PES of the H + H 2 system. For symmetry reasons, this system must have n BC q ) n AB q ) 0.5. The equilibrium and transition-state bond lengths of the DMBE-PES are l BC,eq ) l AB,eq ) 0.7414 Å and l BC q ) l AB q ) 0.9287 Å. 13 These values indicate that each H-H bond extends by 0.1873 Å along the minimumenergy path, and eq 4 gives a′)0.182. 14 This value of a′ is appropriate for calculating transition-state structures and classical-potential energies (∆ q V cl ).
Qualitatively, a PES can be viewed as an interpolation between the potential energies of the reagents and of the products. 12 The simplest, linear interpolation between the potential energies of the fragments BC and AB along the reaction coordinate is where the variation in the potential energy of the fragments, V BC and V AB , can be represented by Morse curves, and ∆V 0 ) D BC -D AB is the classical reaction energy. D BC and D AB are the dissociation energies of the diatomic molecules BC and AB. When Morse curves are expressed in terms of the bond orders rather than in terms of bond extensions, we obtain Following the expressive terminology of Evans and Polanyi, 15 the "inertia" of the reaction is given by the extension of the BC bond and by the repulsion between B and A, each linearly dependent on its bond order (or exponentially dependent on its bond extension). Once the transition state is reached, these factors became the "driving force" of the reaction, that is, both the release of the repulsion between B and C and the formation of the AB bond contribute to the stabilization of the products. The transition-state bond order, n q , is given by the value of n at the maximum of the reaction path. At this point, the binding and repulsion forces are balanced.
A and C may be atoms or groups of atoms. They can be regarded as ligands or substituents in the {A...B...C} q transition state and may increase its electronic density relative to that of our reference system, {H...H...H} q . Such an increase in electronic density has been regarded as a formal enhanced bonding of the transition state. 16 We have shown that the simplest modification of the bond order that accounts for its eventual enhancement at the transition state but preserves its location and respects the asymptotic limits, is 9 where m g 1. The increase in electronic density at the transition state depends on the value of m. Thus, m is a measure of electron count. An appropriate expression for m should take into consideration the change of electronic density when substituents are introduced in our reference reaction, H + H 2 , for which we assign m ) 1. 
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The capability of a ligand to donate precisely one electron is measured by its ionization potential. However, if we wish to measure to what extent partial electron transfer contributes to the lowering of the total binding energy by maximal flow of electrons, it is more appropriate to use the electrophilicity index recently proposed by Parr 17 where I P is the ionization potential and E A is the electron affinity of the ligand. This definition of m corresponds to the ratio between the negative of the chemical potential and the chemical hardness. The value of m can be calculated using I P (A) and E A (A), I P (C), and E A (C), I P (A), and E A (C), or I P (C), and E A -(A). The best way to change the number of electrons or the chemical potential of a molecule is the way that minimizes its hardness. 18 Thus, we chose the combination that maximizes the value of m. This combination minimizes the transition-state energy. It is interesting to note that systems such as H + HCl (H-abstraction) and HCl + H (Cl exchange) share the same PES and the same value of m. Many other reactivity models relate the height of the reaction barrier to the electronic properties of the reactants. Particularly insightful is the Valence-Bond approach to reactivity formulated by Shaik, 19 that expresses the barrier height as a fraction of the difference between the ionization potential of the donor and the electron affinity of the acceptor, 20 i.e., the chemical hardness.
Earlier formulations of ISM used the intersection between the BC and AB rotated Morse curves to locate the transition state, 9 rather than the interaction expressed by eq 5. The two approaches give identical activation energies for symmetrical reactions and have the same limiting values for very exothermic and very endothermic reactions. For intermediate cases they also lead to very similar results, as illustrated in Figure 1 for the H + HCl f H 2 + Cl reaction. This figure shows how the intersection of rotated Morse curves is related to their interaction. First, we express the rotated Morse curves as a function of the reaction coordinate defined by the reactant and product bond extensions. Then, we express the interaction of the Morse curves given by eq 5 as a function of the same reaction coordinate, (l BC -l BC,eq ) in the reactants side and (l AB -l AB,eq ) in the products side, to show that the classical energy barrier is approximately the same as for the intersection of the curves. Finally, we convert the bond extensions in the distance along the reaction coordinate measured from the transition state, s ) (
, which is the usual reaction coordinate for atom transfers. Although the energy of the transition state is approximately the same for both approaches, only the interaction of the Morse curves can account for the energy variation along the whole reaction path. According to the new formalism, the theoretical model should now be called "interacting-state", rather than "intersecting-state", model. The acronym ISM can still be used to reflect both the origin of the model and its present formulation.
The new formulation of ISM provides a simple method to relate electronic (I P and E A ), thermochemical (D BC and D AB ), structural (l BC,eq and l AB,eq ) and spectroscopic ( BC and AB ) properties of reactants and products to reaction barriers (∆ q V cl ). This formulation does not involve the fitting of any parameters to the kinetic data. The transition-state energy is estimated from an analytical expression that only uses chemical data tabulated for the reactants and products, Table 1 . Table 2 presents a set of systems that was studied in great detail by ab initio methods and provides the grounds for testing the accuracy of ISM classical barriers. ISM barriers, ∆ q V cl , are in excellent agreement with high-level ab initio barriers, V q , Figure 2 . This is a remarkable achievement, considering that our model employs analytical expressions without adjustable parameters and that the systems were selected for their diversity.
The barriers and rates of the H-atom transfers between hydrogen and carbon centered radicals with sp 3 hybridization, were calculated with m ) 1. The actual values of m are slightly larger than unity and lead to ca. 1 kJ mol -1 lower barriers. The choice of m ) 1 was motivated both by theoretical and practical reasons. The electronic structure of the transition state of these reactions closely resembles that of the reference reaction, H + H 2 , for which we set m ) 1 but that according to eq 8 should have m ) 1.117. The change in the electronic density relative to the reference system is very small and justifies the use of m ) 1 for this type of systems. Additionally, the electronic parameters of some hydrocarbons are subject to substantial error and may not even be known, but the corresponding Habstraction rates by hydrogen atoms can still be calculated with good accuracy, as will be shown below. Interaction of the same Morse curves according to eq 5 as a function of the distance along the reaction coordinate measured from the transition state. The line identified by MRCI+Q is the energy calculated for this system using quantum-mechanical methods described in Table 2 .
The comparison between ab initio and ISM reaction energies can be extended to the whole reaction path. Figure 3a shows that the classical energy-profile of the H + H 2 reaction has a striking resemblance with that of the DMBE-PES. 43 We recall that a′ ) 0.182 results from the scaling of ISM to the saddlepoint geometry of H 3 . The energies calculated by ISM along the minimum-energy path do not make use of any empirical adjustment or scaling to kinetic data or transition-state energies. Table 2 . The correlation coefficient is 0.976, the slope is 1.03 and the intercept is -1.0 kJ mol -1 . The line is the ideal correlation.
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The minimum-energy path of the F + H 2 reaction calculated by us is compared with that of the SW-PES in Figure 3b . 40 The similarity between the classical reaction paths of ISM and those of ab initio calculations is also observed for polyatomic systems, as illustrated by the H + CH 4 system in Figure 4a , and heavy-light-heavy systems, as illustrated by the Cl + HCl exchange in Figure 4b . The detailed agreement between ISM and ab initio calculations strengthens our confidence in the underlying principles of the model and drives the formulation of structure-reactivity relationships. The more exothermic reactions have smaller barriers, as expected from the empirical Bell-Evans-Polanyi (BEP) relationship, 47 ,48 E a ) R∆H 0 + E a 0 , where R is a constant and E a 0 is the intrinsic barrier. The reactions in Table 2 are organized in order of increasing exothermicity and illustrate this fact. However, there is a very poor (linear or quadratic) correlation between ∆V 0 and the energy barriers. The BEP relationship can only be applied to series of closely related reactants. This is not the case of our choice of reactions, which emphasizes the need to account for reactivity parameters other than the reaction energy.
The electrophilicity index has a dramatic effect in the classical barrier. For example, the CH 3 + CH 4 and Cl + CH 4 reactions have similar Morse curves, except for the value of m. Increasing m by a factor of 2 decreases the barrier by approximately the same factor. The large value of m of the Cl + CH 4 system underscores the importance of electronic effects.
The scaling by the equilibrium bond-lengths, eq 4, implies that, other factors being equal, the classical barriers increase with (l BC,eq + l AB,eq ). This is verified for the reactions H + H 2 and CH 3 + CH 4 . They are both isothermic and their Morse curves are very similar, except for the bond lengths. The sum of equilibrium bond-lengths increased by 47% and led to a 74% increase in the classical barrier. 40 for the F + H2 reaction; the reaction path coordinate is defined as R ) ((lHF + lHH -rmin), where lHF and lHH are the bond distances for every point on the minimum-energy path, and rmin is the smallest value of the sum of these distances. The relation between bond lengths and bond orders, eq 4, implies that the sum of bond extensions increases with the reaction energy and, consequently, that the "intrinsic barrier" increases with the exothermicity.
3. Activation Energies. The broad fundamental interest of structure-reactivity relationships becomes apparent when the general principles enunciated above are applied to the rationalization and prediction of activation energies of atom transfers in the gas phase and in an extraordinary large number of reactions and reaction conditions. The Arrhenius activation energy is a phenomenological quantity defined as It is usually determined expressing the logarithm of measured rate constants, k, as a linear function of the reciprocal temperatures. In H-atom abstractions, the experimental activationenergy frequently decreases at lower temperature, revealing the existence of tunneling. On the other hand, at higher temperatures the transition state may be displaced from the saddle point, and the experimental activation-energies are not comparable with the reaction barriers calculated in this work. Thus, for the purpose of comparison between calculated and experimental activation energies, we selected 100 H-abstraction reactions from available databases 49 and reviews 24 and recalculated, when necessary, the activation energies using rate constants mostly in the 300-1000 temperature range. These activation energies and the temperature range where they are valid are presented as Supporting Information, Table S1 .
The activation energy at the mid-temperature (T mid ) range considered in this work is the average total energy (relative translational plus internal) of all molecules undergoing reaction minus the average total energy of all reactant molecules. 50 T mid is sufficiently high to allow the classical equipartition theorem to calculate accurately the mean translational energies and the mean rotational energies of reactants and transition state. On the other hand, T mid is smaller than the vibrational temperature, and we neglect the contribution of the vibrational partition function to the internal energy. Therefore, E a can be calculated adding the difference in internal energy between the transition state and the reactants to the vibrationally adiabatic energy barrier where ∆C V ) -3/2 R is the difference in heat capacity between the transition state and the reactants for triatomic systems, under the approximations discussed above. Polyatomic systems involve more degrees of freedom; but here, we retain this approximation as the simplest approach to estimate activation energies. More elaborate methods will be discussed in the calculation of the actual rate constants.
We calculate ∆ q V ad from the vibrationally adiabatic path, which is calculated adding the difference in ZPE to the classical energy at each point along the reaction path where ν j i are the vibration frequencies of the normal modes orthogonal to the reaction coordinate. The ZPE of BC is given by its vibration frequency, which is one of the parameters used to calculate its Morse curve. The ZPE of a linear triatomic transition state is calculated using its stretching and bending frequencies. Several strategies have been followed to incorporate ZPE changes in reactivity models. The simplest is to take transition state ZPE, Z q , as an average, 23 The frequencies thus obtained are multiplied by a switching function that provides the correct asymptotic limits: when nf0 then ν j asym fν j BC and ν j sym f0, when nf0.5 then ν j asym f0 and ν j sym f 1 / 2π w, when nf1 then ν j asym fν j AB and ν j sym f0. We designate by w the quantity f/µ, that Wilson represented by δ.
The reaction path of ISM does not offer a method to calculate the bending angle or the frequency of the bending mode at the transition state. A bird's-eye survey over many triatomic systems 22,55 reveals that the symmetric stretching and bending frequencies are linearly related, Figure 5 . We use this empirical relation (slope ) 0.43) to get the bending frequency from thesymmetric stretching one and to formulate the zero-point The correlation coefficient is 0.989 and the slope is 0.43. The HCN system does not fit the correlation, presumably because the force constants of the two bonds and the masses of the end atoms are very different.
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The equation above emphasizes the fact that we are calculating the bending contribution from the symmetric stretching, and that we assume a collinear transition state, i.e., there are two degenerate bendings. Figure 6 compares the ISM and experimental activation energies for the 100 H-abstraction reactions selected from the available experimental data. They involve the breaking of HH, CH, SiH, GeH, SnH, NH, PH, AsH, OH, SH, HF, HCl, HBr, and HI bonds. Nearly all the calculated activation energies are within 10 kJ mol -1 of the experimental ones. For this set of data ISM gives an average error of 4.0 kJ mol -1 and a standard deviation of 5.0 kJ mol -1 . The modified BEBO method published by Gilliom, 51 gives an average error of 6.6 kJ mol -1 and a standard deviation of 9.0 kJ mol -1 , using his data for rare gas diatomic clusters and the Morse curves of this work and those of Zavitsas. 23 This comparison clearly shows that ISM gives more reliable activation energies than the BEBO method. Moreover, our method gives accurate reaction paths even for systems involving dramatic changes in zero-point energies, such as the Cl+HCl exchange shown in Figure 4b . The original BEBO method predicts that the Cl-H-Cl species is stable by 5.9 kJ mol -1 relative to isolated reactants, and the modified BEBO method calculates a very flat surface near the transition state and a 2.2 kJ mol -1 barrier, that is 10 times smaller than the actual barrier.
The success of ISM in calculating the activation energies of such a large variety of systems without fitting any parameters is rooted in its sound physical basis, demonstrated in the previous section. The trends in reactivity formulated in that section are of general usefulness. For example, the reactants with larger electrophilicity indices have much smaller activation energies for similar reaction energies, and the breaking of the shorter HH bonds leads to smaller activation energies than that of the longer CH bonds.
4. Rate Constants. The ultimate goal of a reactivity model is to predict the rate constant of any reaction in any reaction conditions with the level of accuracy of experimental techniques. Only the rates of the simplest systems in the gas phase have been calculated to that level of accuracy. Here, we show how Transition-State Theory (TST) can be used with the transitionstate structures and energies estimated with ISM, to calculate accurately the rate constants of diverse and complex atomtransfer reactions.
According to TST, the rate constant is given by where κ is a tunneling correction, σ a statistical factor and the Q i represent the partition functions of transition state and reactants. Equation 14 can be employed if the energy variation along the reaction path and the harmonic vibrational frequencies of the normal modes orthogonal to that path are known. These can be obtained using ISM.
The transition-state geometry given by ISM allows for the calculation of the transition-state moment of inertia. The moment of inertia of the reactants is that of the BC diatomic (or assumed diatomic) molecule. This information suffices to calculate the ratio of the rotational partition functions. The ratio of the vibrational partition functions can be estimated from the vibration frequencies discussed above.
Representative vibrationally adiabatic paths calculated by ISM are compared with ab initio results for prototypical systems in Figures 3 and 4 . The reasonable agreement between the vibrationally adiabatic paths of ISM and those of high-level ab initio calculations suggests that we can employ ISM vibrationally adiabatic paths together with the semiclassical approximation of Truhlar and Garrett 56 to calculate tunneling corrections.
The H + H 2 exchange is the simplest of all atom-transfer reactions and has been studied in great detail. It gives us the opportunity to make a detailed comparison between our results with those of very accurate calculations, as well as with experimental measurements. Figure 7a compares ISM/scTST absolute rate-constant calculations with experimental values and with the improved canonical variational TST rate-constants with least-action ground-state transmission coefficients (ICVT/LAG) using the DMBE-PES. 43 There is an excellent agreement over all the temperature range. At 200 K ISM/scTST rates tend to exceed the ICVT/LAG ones, presumably because ISM gives a vibrationally adiabatic path that is slightly thinner than that of the DMBE-PES. Our tunneling corrections are 11.3 at 300 K and 520 at 200 K, whereas Garrett et al. calculated 6.93 and 95.4 with the DMBE-PES, and 8.53 and 136 with the LSTH-PES. ISM/scTST and ICVT/LAG rates agree within a factor of 2 at 200 K, because some of the difference in tunneling corrections is compensated by a small difference in zero-point energies. In Figure 7b we compare the ISM/scTST rate constants for isotope variants of this reaction, H + D 2 and D + H 2 , with the experimental results. Again, there is a remarkable agreement between calculated and experimental rates. At 200 K, the rates calculated for the D+H 2 system are still within a factor of 2 from the experimental ones. Their difference can be assigned to an overestimate of the tunneling corrections. 
correction of 57 and we calculate 108. At 300 K this difference practically disappears, 5.6 vs. 4.8. At 2400 K ISM/scTST rates remain within a factor of 2 of ICVT/LAG rates for the D+H 2 system. ISM/scTST can readily be applied to a large variety of systems without additional approximations. Figure 8 illustrates the results of its application to the systems H + HX, where X ) F, Cl, Br and I. Once again, the experimental rates are very well reproduced, including the 30 orders of magnitude covered by the I + H 2 reaction. 60 All these systems have similar m values, and their relative reactivity is controlled by the differences in HX bond dissociation energies. The performance of ISM/scTST does not result from a judicious choice of parameters, because our model does not inVolVe any adjustable parameters, or from a compensation of errors, because all the details of the systems are reproduced. For example, the experimental rate-constants for the Mu + HBr reaction (Mu ) Muoniun), have been measured at very low temperatures and provide another critical test to the accuracy of ISM/scTST. The experimental value at 206 K is 8.3 × 10 9 mol -1 dm 3 s -1 , 61 which should be compared with the ISM/scTST value of 7.4 × 10 9 mol -1 dm 3 s -1 . At this temperature, we calculate a tunneling correction of 1996 and the ICVT/LAG method with a LEPS surface gives 1150. 36 The experimental rate-constants of the H′ + XH′′fH′X + H′′ halogen exchanges, where the H are marked differently to represent isotope variants, are not as well established as the competing H-atom abstractions. Table 3 presents some of the experimental data available for these reactions and compares it with ISM/scTST and ICVT/LAG calculations. The thermal rateconstants of the F-exchanges have only been measured at high temperatures, and upper limits in the 2100-3900 K temperature range were established. The relative rates of removal of vibrationally excited HF by D atoms indicate that the barrier for the exchange reaction is high, 76, 77 but contradictory inter- Figure 8. Arrhenius plots of absolute ISM and experimental rate-constants for the F + H2 (solid line and triangles), [62] [63] [64] [65] Cl + H2 (dotted line and squares), [66] [67] [68] [69] H + HBr (dash-dotted line and circles), [70] [71] [72] and I + H2 (dashed line and lozenges). 60, [73] [74] [75] pretations have been published. 78 Although the reaction conditions employed may not be comparable to those for the thermal rate-constants, it is plausible that the F-exchange is slow. ISM/ scTST calculations predict that the F-atom exchange should be the slowest of all halogen-atom exchanges. Table 3 shows that ISM/scTST calculations are in better agreement with the experimental data than ICVT/LAG calculations. This is a consequence of the inaccuracy of the PES presently available for these exchanges. Halogen exchanges are thermoneutral, have similar values of m and the H-X bond lengths decrease from Br to F, contrary to their reactivity. Here, our model discloses a new structure-reactivity relationship: the molecular factor that dominates the reactivity in the halogen exchanges also affects the shape of the Morse curves. In fact, if we characterize these shapes by the force constant f HX ) 2D HX ( HX ) 2 , we have f HBr ) 2503, f HCl ) 3120 and f HF ) 5817 kJ mol -1 Å -2 . The increase in the force constants along this series dominates the decrease in bond lengths.
Table 3 also presents the rates of H + X 2 fHX + X halogen atom abstractions. They are very fast because these reactions are very exothermic. ISM/scTST tends to underestimate the rate constant for the H + Cl 2 reaction at 298 K because it uses a linear transition-state. Dobis and Benson showed that a bent transition-state leads to a 10-fold increase in A. 84 ISM/scTST predicts that the rate of the H+Br 2 reaction at 298 K is a factor of 2.2 larger than that of the H + Cl 2 reaction, in good agreement with the factor of 3 experimentally observed. 85, 89 The rates of X′ + HX′′fX′H + X′′ hydrogen exchanges are difficult to determine both experimentally and theoretically. However, the exchange with X ) Cl has been studied in detail, and we selected it as representative of this type of reactions. Kneba and Wolfum measured this exchange rate at 358 K and obtained k ) 2.5 × 10 6 mol -1 dm 3 s -1 . 90 We calculate 2.5 × 10 6 mol -1 dm 3 s -1 . The experimental KIE is 8.6 ( 1.1 at 312.5 K and drops to 4.1 ( 0.4 at 423 K, 91 whereas ISM/scTST calculations give 8.6 and 5.1, respectively.
The application of ISM to atom abstractions from large molecules requires the treatment of modes other than the reactive mode as "spectator" modes. This does not hinder the ability of the model to calculate accurate rate constants and relate structure to reactivity. For example, Figure 9 shows that ISM/scTST rates are in good agreement with the experimental ones for H+HR systems where RdO, SH, CH 3 , and SiH 3 . A detailed analysis of these systems reveals that abstractions from CH 4 and OH have similar adiabatic reaction-energies (-12.4 kJ mol -1 and -13.3 kJ mol -1 ) and the same happens with abstractions from SH 2 and SiH 4 (-74.2 kJ mol -1 and -77.3 kJ mol -1 ). The difference in reactivity between these two sets of reactants is related to their difference in exothermicity. The subtle reactivity difference within each set is assigned to the differences in their electrophilicity parameters. The systems with larger values of m have smaller barriers, all other factors being approximately equal.
The H + CH 4 reaction is as a prototype of polyatomic H-abstractions. It has been widely studied both theoretically and experimentally and provides a good ground to assess the performance of ISM in polyatomic systems. The replacement of H by D in the H + CH 4 reaction leads to an inverse KIE of 0.55. 96,97 With ISM we calculate an inverse KIE of 0.73. This reaction has also been extensively studied in the reverse direction. The experimental KIE of the CH 3 + H 2 versus CH 3 + D 2 reaction is now positive and reaches 4.8 ( 0.4 at 400 K. 98 We calculate 7.9 at this temperature. The experimental KIE of the CH 3 + HD versus CH 3 + DH reaction is 2.1 ( 0.5 at 467 K. 98 We calculate 1.9. The reasonable values obtained with ISM strengthen the idea that this model gives a good account of the reaction coordinate, even in polyatomic systems.
The success of ISM/scTST in the treatment of polyatomic systems is a consequence of the conservation of zero-point energy of the spectator modes along the reaction coordinate and of a cancellation of factors in the ratio of partition functions. For linear transition-states, the ratio of the partition functions for atom+diatomic and atom+polyatomic molecule has the same form where P ) (q r ) 2 /(q t ) 3 and q t , q v , and q r are the translational, vibrational and rotational partition-functions. The electronic partition-functions are equal to the degeneracy of the ground state and are not explicitly considered in this comparison. Our formulation gives pre-exponential factors of the order of magnitude of 10 10 mol -1 dm -3 s -1 for atom + diatomic and atom + polyatomic molecule systems, in good agreement with the pre-exponential factors collected in Table S1 . Atom transfers resulting from the attack of diatomic radicals to polyatomic molecules have partition-function ratios of the type (q v /q r ) 4 P, and those involving polyatomic radicals and molecules are of the type (q v /q r ) 5 P. Typical values are 1 e q v e 10 and 10 e q r e 100, and (q v /q r ) may be anywhere from 1 to 0.01. However, some of the vibrations in polyatomic transition-states are very loose vibrations and sometimes are even regarded as hindered rotations. Thus, (q v /q r ) should be rather close to the upper limit. Assuming that the value of the rotational partition function is 3 times that of the vibrational one, we expect that the preexponential factor of diatomic + polyatomic systems should be slightly larger than 10 9 and that of polyatomic + polyatomic systems should be close to 5 × 10 8 mol -1 dm -3 s -1 . The data in Table S1 is consistent with this simple scaling of the preexponential factors. Thus, the pre-exponential factors of atom+polyatomic, diatomic+polyatomic and polyatomic+ polyatomic systems can be estimated dividing the value obtained for triatomic transition states by the factors 1, 9, and 27, respectively.
A critical comparison between experimental and calculated rates can be made at room temperature, because at such temperatures the agreement with the experimental data requires accurate reaction barriers and tunneling corrections. In Table 4 we compare ISM/scTST and experimental rates of atom + molecule, OH + molecule and CH 3 + molecule reactions. The hydroxyl or methyl radical reactions are representative of the rates of diatomic + polyatomic and polyatomic + polyatomic systems. Figure 10 shows that ISM/scTST rates are in very good agreement with the experimental data. The rates of H + HCR 3 reactions are slightly underestimated. The calculations could be improved taking into consideration the actual difference between the value of m for these reactions and that for the H + H 2 reference system, given by eq 8. We resist to make this adjustment of the parameter m (that would increase the correlation coefficient to 0.980), because we wish to preserve the simplicity of the model and report only absolute rate calculations. In view of the agreement between calculated and experimental rates, we conclude that ISM provides order of magnitude estimates for the H-abstraction rates of polyatomic systems. 
Conclusions
ISM relates minimum-energy paths to the properties of reactants and products. Adding zero-point energy corrections and heat capacity differences, it accurately estimates activation energies. ISM provides a quantitative expression for empirical structure-reactivity relationships such as Hammond postulate, linear (or quadratic) free-energy relationships, and for the conditions for which they fail. Furthermore, ISM uncovers new patterns of reactivity, not explicit in other reactivity models, namely:
(i) The so-called "intrinsic-barrier" of a family of reactions tends to increase with |∆V 0 |;
(ii) The reaction barrier increases with the sum of the equilibrium bond-lengths of the reactive bonds; (iii) The reaction barrier decreases with the increase of the electrophilicity index of the reactants.
(iv) Higher force constants lead to higher barriers and asymmetric force-constants change the location of the transition state.
ISM/scTST rates are calculated exclusively from the following parameters of reactants and products: the mass of the atoms, the bond lengths, vibration frequencies, and bond dissociation energies of the reactive bonds, the ionization potential and electronic affinity of the radicals. The temperature dependence of H-atom transfers and their KIE are well reproduced by ISM/ scTST calculations.
The simplicity of the method favors the understanding of how each property of the reactants or products influences the rate of an atom-transfer reaction. ISM links the solution of one system to those of related systems. It can easily be employed to predict the reactivity of atoms or radicals in atom-transfer reactions.
